This case describes the attempted replantation of an arm following its traumatic amputation. After a five-and-a-half hour ischaemic time, perfusion of the arm was re-established. However, over the ensuing hours, the patient developed hyperkalaemia, acidaemia and severe hypotension requiring high dose inotropic support. Ultimately re-amputation was necessary to treat the systemic effects of the ischaemia reperfusion syndrome.
CASE HISTORY
A 19-year-old man with a history of depression suffered a traumatic right arm amputation at the level of the mid humerus and a fracture dislocation of the right hip after falling from a moving train. He was taken to the regional hospital where he was alert and orientated on arrival. He was resuscitated, intubated (morphine 15 mg, midazolam 7 mg, suxamethonium 100 mg) and had his hip reduced prior to transfer 160 km to a tertiary city hospital for consideration for arm replantation. He was sedated for transfer (morphine 3 mg/h, midazolam 3 mg/h), placed in a cervical collar and on arrival was haemodynamically stable (blood pressure (BP) 140/70 mmHg and heart rate (HR) 115 beats/min).
The amputated arm had been externally cooled (by being placed on ice) such that by the time of reperfusion, it had undergone approximately thirty minutes of warm ischaemia and five hours of cold ischaemia.
Anaesthesia was maintained using a remifentanil infusion (0.2 µg/kg/min), isoflurane (end-tidal concentration 0.4%) and an air/oxygen gas mixture. During periods of hypotension and low haematocrit, this mixture was changed to 100% oxygen. Patient monitoring included: intra-arterial and central venous pressures, urine output, multi-gas analysis, electrocardiography (ECG), arterial haemoglobin oxygen saturation (SpO 2 ), temperature and serial blood gas electrolyte and haematocrit analysis. Baseline blood gas analysis was normal ( Table 1) .
Perfusion of the amputated limb was achieved within 20 minutes of arrival in the operating suite using Javid cannulae to bridge the arterial and venous vessels.
Over the next 90 minutes, the patient required cardiovascular support, comprising boluses of metaraminol to a total dose of 10 mg and a noradrenaline infusion titrated to maintain a systolic BP greater than 90 mmHg. There was continual blood loss throughout the operation and packed cell transfusion was used to maintain a haematocit of 19 to 34%.
After two and a half hours, blood gas analysis was repeated ( Table 1 ). To correct the acidaemia and hyperkalaemia, 100 ml of 8.4% sodium bicarbonate was administered and an adrenaline infusion commenced. Further arterial blood gases showed that despite improvement in the severity of acidaemia, the serum potassium concentration had increased (Table  1 ). In addition, the patient had become progressively more hypotensive (BP 65/40 mmHg) and tachycardic (rate 125 beats/min) despite a central venous pressure (CVP) of 14 mmHg. He required inotrope infusions of adrenaline 20 µg/min and noradrenaline 20 µg/min. Management at this time included CaCl 2 10 mmol and a further 100 ml of NaHCO 3 8.4% intravenously. Venous flow from the partially replanted limb was clamped for a period of 15 minutes, to reduce the systemic exposure to the reperfused limb. Arterial flow to the limb was maintained during this period and venous drainage was facilitated by allowing bleeding from unanastomosed veins. This improved the patient's condition and haemodynamic, arterial blood gas and electrolyte parameters stabilized ( Table 1) Shortly afterwards, the replantation was aborted due to the persistent hypotension despite correction of blood volume, pH, Hb, and serum potassium. At this time, a total of 10 units of packed cells, five units of fresh frozen plasma and five units of platelets had been administered. Following reamputation, the patient's haemodynamic parameters improved rapidly. By the time of transfer to the ICU three hours later, his BP was 140/40 mmHg, HR 110 beats/min and inotropic support had been withdrawn.
The patient was discharged to a rehabilitation unit 19 days postoperatively.
DISCUSSION
Although there are numerous articles in the literature discussing ischaemia-reperfusion injury following amputation, these pertain to local effects within the ischaemic tissue rather than the systemic effects. In the English literature there is only one other case report of intraoperative arm reamputation secondary to hypotension and bleeding diathesis 1 .
Reperfusion of an ischaemic limb triggers a cascade of events [2] [3] [4] including: • oxygen radical generation and cell membrane damage, • liberation of inflammatory mediators, • leukocyte activation and subsequent adherence to endothelium, • arterial vasoconstriction and intravascular thrombosis-the "no reflow phenomenon". The severity of the ischaemia-reperfusion injury is predominantly determined by the duration of ischaemia and the temperature at which the amputated segment has been maintained. Hence, the mainstay of treatment is to cool the amputated segment as soon as is practical and to expedite reperfusion.
The systemic effects of replantation are analogous to tourniquet or large vessel cross clamp release in which there is systemic washout of an ischaemic limb. This is characterized by an increase in serum concentrations of lactate and potassium and a reduction of serum pH. However, these effects are normally transient and self-limiting 5 . Our case demonstrates profound and progressive cardiovascular sequelae, manifesting as hypotension despite normovolaemia, high-dose requirement of inotropes and hyperkalaemia, acidaemia and anaemia, following reperfusion of an arm after five and a half hours of ischaemia. There was rapid improvement in the haemodynamic status following isolation of the limb from the systemic circulation on two separate occasions. This suggests that the continuous liberation of mediators from the limb with reperfusion was responsible for the patient's poor cardiovascular condition.
Optimal management of hypotension in this setting is complicated by the difficulty in accurately assessing the volume of blood loss. Also, the use of central venous pressure to monitor the adequacy of intravascular volume may be unreliable in a setting of poor ventricular compliance. We believe our patient was normovolaemic however, based on a CVP of 14 mmHg, a urine output of greater than 200 ml/h and good peripheral perfusion. Intraoperative transoesophageal echocardiography may be of benefit in this setting to assess the contractile state of the myocardium as well as the adequacy of ventricular filling.
Physiological washout solutions aimed at reducing the severity of reperfusion injury have been used previously. Kour et al 6 reported two cases of successful major replantation of the upper extremity, in which ischaemic times were seven hours and 11.25 hours respectively, after complete vascular washout of the amputated segment with a hyperosmolar cold storage solution. The solution constituents included magnesium sulphate as a membrane stabilizer, high molecular weight impermeants to prevent cellular swelling, reduced glutathione as an antioxidant, allopurinol to act as a free radical scavenger and adenosine for formation of adenine nucleosides for cellular metabolism. This "University of Wisconsin cold storage solution" is readily available and currently used during organ donation procedures. It may have been useful on this occasion to reduce the severity of systemic reperfusion injury.
Waikakul et al 7 reported prognostic factors for upper limb replantation in a prospective study of 186 patients, of whom 28 had traumatic arm amputations. In the 25 patients in whom reperfusion was established, there was a 40% failure rate. The best objective predictor of failed replantation in these patients was the serum potassium concentration measured from venous blood exiting the amputated segment 30 minutes following reperfusion. A value greater than 6.5 mmol/l was recorded in all patients in whom replantation ultimately failed, and this value remained high for the duration of the operation. Whilst we did not specifically measure the potassium concentration directly from the replanted arm in this case, it is likely to have been significantly higher than the systemic venous concentration of 6.6 mmol/l that was recorded. Functional outcome following "successful" arm replantation is generally poor, the majority of patients being left with no or minimal usable function at two years, and very few patients returning to their previous level of employment. Lower limb replantation functional outcomes are even worse and are therefore rarely attempted. In this setting of poor immediate and long-term prognosis following traumatic arm amputation, it could be argued that persevering with replantation in the face of severe systemic complications is not warranted, especially if the venous serum potassium concentration from the amputated segment is greater than 6.5 mmol/l. Despite this, no long-term morbidity related to these effects is reported and so it is difficult to make firm recommendations as to when to persist with the replantation procedure and when to abandon it.
In this particular case, it was considered that replantation was worth attempting, because this 19year-old patient had much to gain from a functional dominant arm. Ultimately however, the severe systemic cardiovascular sequelae of the ischaemiareperfusion injury and the rapid clinical improvement when the venous anastomosis was clamped required intraoperative reamputation to be performed.
